Exergy losses during the combustion process, heat transfer, and fuel utilization play a vital role in the analysis of the exergetic efficiency of combustion process. Detonation is thermodynamically more efficient than deflagration mode of combustion. Detonation combustion technology inside the pulse detonation engine using hydrogen as a fuel is energetic propulsion system for next generation. In this study, the main objective of this work is to quantify the exergetic efficiency of hydrogen-air combustion for deflagration and detonation combustion process. Further detonation parameters are calculated using 0.25, 0.35, and 0.55 of H 2 mass concentrations in the combustion process. The simulations have been performed for converging the solution using commercial computational fluid dynamics package Ansys Fluent solver. The details of combustion physics in chemical reacting flows of hydrogen-air mixture in two control volumes were simulated using species transport model with eddy dissipation turbulence chemistry interaction. From these simulations it was observed that exergy loss in the deflagration combustion process is higher in comparison to the detonation combustion process. The major observation was that pilot fuel economy for the two combustion processes and augmentation of exergetic efficiencies are better in the detonation combustion process. The maximum exergetic efficiency of 55.12%, 53.19%, and 23.43% from deflagration combustion process and from detonation combustion process, 67.55%, 57.49%, and 24.89%, are obtained from aforesaid H 2 mass fraction. It was also found that for lesser fuel mass fraction higher exergetic efficiency was observed.
energy forms in the combustion process and it is a function of system and environment. In any system exergy is a substance consisting of kinetic energy, potential energy, physical exergy, and chemical exergy. In the case of thermal exergy, it includes only physical and chemical substances. The physical exergy of combustion gases is elevated in the presence of outlet gases temperature and pressure discrepancies in relation to the environment. The chemical exergy of combustion gases results from a difference in partial pressures of mixture components at environmental temperature. 5 At higher pressure shock zone, exergy loss is higher compared to the reaction of the combustion mechanism zone. During deflagration to detonation transition time more exergy is lost in the deflagration process. 6 The exergy analysis of the pulse detonation power device designed for the power production using methane (CH 4 ) and propane (C 3 H 8 ) is presented by Bellini et al. 7 The exergetic efficiency was studied for different design parameters such as cycle frequency and detonation tube length. The theoretical analysis of PDA over gas turbine has been carried out for electric power generation. Safari et al. 8 studied that the transport equation of entropy is introduced in large eddy simulation to perform exergy analysis of the turbulent combustion system. Detonation initiation in hydrogen-air depends on both the mixture sensitivity and the geometrical parameters. 9 Exergy destruction in a combustion process can be reduced through proper control of physical processes and chemical reactions. 10 As the exergy destruction depends on temperature, the temperature ranges of 30-600 C are used for the domestic heating and above 200 C is suitable for the power generation. The exergy of hydrogen fuel was analyzed by Wu et al. 11 and their computational result indicates that the fuel exergy of hydrogen exceeded the lower heating value (LHV) and was lesser than the higher heating value (HHV). The exergy analysis makes clear that the pulse detonation power device is efficient for the power generation. 12 The influence of obstructed channel on gas compression and the role of gas compressibility in flame acceleration are studied analytically by Bychkov et al. 13 The combustion physics analyses are helpful to identify the flow regimes in which this turbulent combustion is likely to occur. The flow regime of supersonic combustion can be identified by Damkohler and Reynolds number. 14 The theoretical model of energy and exergy balance in a spray combustion process in a gas turbine combustor has been developed by Som and Sharma 15 in various operating conditions. Their simulation results revealed that the velocity, temperature, and species concentration fields in the combustor is required for the evaluation of the flow availabilities and process irreversibilities. Szargut et al. 16 studied that the internal exergy loss is caused by the irreversible phenomena occurring within the system. Povinelli et al. 17 studied that the thermodynamic cycle of PDE is using hydrogen-air mixture in static conditions. The performance of specific thrust, fuel consumption, and impulse are compared with the CFD analysis for detonation combustion with finite rate chemistry. Performance analysis of PDE has been studied in terms of dynamic pressure and detonation wave velocity acceleration at various nozzle sections of PDE. 18 Although Bychkov et al. 19 demonstrated that the flame acceleration techniques in obstructed channels is qualitatively different from Shchelkin spiral mechanism, in the present simulation Shchelkin spiral is used only for detonation wave initiation in detonation tube. Pandey et al. 20 studied the ''Review on recent advances in pulse detonation engines''. In this study, detailed review of various experimental studies and computational analysis addressing the performance of PDE is presented also suggesting the further research scope.
There is little information about the exergy analysis of hydrogen-air detonation of PDE in open literature to the best of the author's research. The reacting flow of combustion wave was analyzed in detail for determining the exergetic efficiency of PDE combustor and effectiveness of the fuel concentration in two modes of combustion processes.
Computational methodology Description of computational domain
Overall computational domains consist of two control volumes of CV 1 and CV 2 as shown in Figure 1 . The computational simulation is conducted using gaseous hydrogen as a combustion gaseous fuel. The hydrogen fuel is mixed with combustible air in CV 1 and it enters in to the detonation tube, i.e. control volume of CV 2 . When the combustion product is transferred from CV 1 to CV 2 , there might be energy loss due to high temperature gradient with environment temperature. Again there might be energy losses from exhaust combustion gasses to the environment.
Grid independence test
The accurate results depend upon the resolution of the grid. The grid can be refined up to certain limit beyond which refinement does not significantly affect the obtained results. This limit is called the grid independence limit (GIL). The temperature of detonation wave was considered as the parameter for the grid independence test of computational domain. Figure 2 .
Boundary conditions
In this exergy analysis of hydrogen-air detonation, the boundary conditions of input, output, symmetry, and wall was considered as Shchelkin spiral. One cycle of PDE combustion process was considered when the intensive detonation wave reached from initiation source to the open end of the detonation tube. Table 2 shows the initialization of boundary values of computational simulation. The LES turbulence model is used for this simulation. For initialization, the intensity of turbulence has been taken as 1%. The initial reaction starts in the combustion chamber with stagnation temperature of 527 K and stagnation pressure of 1.01325 bar. The simulations were carried out for species transport model with three hydrogen mass fractions of 0.25, 0.35, and 0.55, which are directly put in species transport model in the Fluent simulation. The reacting mixture enters the detonation tube and detonation wave is initiated and accelerated.
LES formulation for computational simulations
The detonation combustion is unsteady flame acceleration in nature and owing to this LES is favorable for detonation wave simulation. The large eddies are resolved while eddies are modeled using subgrid model. 21 A special filter operation is defined as the following
In the above equation, " # is spatially filtered by filtered function G(x, x 0 ) over the computational fluid domain of D f . The implicit filtering operation equation is as follows
The filter scale is equal to the grid node spacing (Á), which corresponds to the representative length of each computational volume (V). The Favre-averaged variable,#¼#/ "
, incorporating the governing equations, are applied in low Mach number Navier-Stokes equations as below
where the filtered equation of state is The subgrid term plays a role in the turbulence combustion modeling of high Reynolds numbers flow. The gradient diffusion approximations of subgrids are as follows
where SGS , Pr SGS , and Sc SGS are the subgrid viscosity, Prandtl number, and Schmidt number, respectively.
Numerical methodology Combustion modeling
Hydrogen was used as a combustion fuel to determine the exergetic efficiency of the PDE combustor. The balanced stoichiometric chemical reaction for hydrogen combustion with oxidizer is as follows
The combustion taking place in supersonic (Ma>1) condition is called as detonation combustion. The detonation combustion of hydrogen in the PDE combustion chamber with reactant resulted in the dissociation of hydrogen molecules (Tables 3 and 4 ). The following basic reactions take place inside the combustion chamber
where M is the unspecified molecule (hydrogen, oxygen, and hot wire).
Mathematical modeling for thermal exergy analysis
The exergy balance equations for the detonation wave changing from state 1 (CV 1 ) to state 2 (CV 2 ) are analogical to the energy balance equation. When the system is in the steady state, energy input and output are equal, but thermal exergy are different due to irreversibility loss. Energy conservation equation can be expressed as follows Table 3 . Empirical values for hydrogen air reactions in the combustion chamber. 22, 23 Reaction Bi-molecular reaction temperature range (K)
298-2500 31.6 Analogical to the energy balance, the thermal exergy balance is as given below
where db n is the exergy loss due to thermal irreversibility; b q in is the exergy of the heat delivered to the combustion chamber from external heat source; b n is the thermal exergy of combustion gas in CV 1 and CV 2 .
The above mentioned h and u are gas enthalpy and velocity of combustion gases, respectively. The thermal exergy for ith component is defined from the following formula derived for gaseous fuels
The thermal exergy, b 2 of the combustion products of complete combustion for jth component can be calculated from the formula derived for gaseous mixture composed of the air components
where g i , Z i and g j , Z j are the gram and mole fraction of the ith and jth product components. The exergy loss occurs by the diffusion mixing of two ideal solutions for ith product components at the same initial temperature and pressure as follows
For the simplified model of detonation, the combustion gas does not change during the process of shock and combustion (c p and g are constant). The summation terms in equations (18) and (19) can be neglected consequently and chemical exergy of mixture can be assumed to be equal to its calorific value, g i b Fi ¼g i CV i . The simplified equations are
Input H 2 fuel exergy represents the maximum theoretical work and the fuel exergy could be expressed by following equations. The exergy of incoming combustion air can be neglected. The exergy value of the fuel is dependent on the input combustion temperature from the boundary values.
Finally, exergetic efficiency can be defined as the following
Results and discussions
In this research work, the PDE combustion wave parameters are computed for three mass fractions of fuel utilization in the PDE combustor. The simulation is made using gaseous hydrogen as the pilot fuel. The reacting temperature and species concentrations are analyzed for calculating the thermal exergy behavior in two control volume systems of PDE. The contour plots analysis represents the structure of detonation wave parameters.
Control volume defined by C-J velocity
The deflagration zone in CV 1 and detonation zone in CV 2 are defined according to the combustion wave velocity magnitude as shown in Figure 3 . The velocity dominates the behavior of the PDE combustion wave flow dynamics and combustion process. In this contour plot analysis, the detonation wave velocity provides the convenient control volume analysis of the two modes of the combustion process. The color contour plot analysis showed the weak propagation flame velocity taking place in CV 1 , which is about 800 m/s and it is defined as the deflagration zone. Subsequently, the wave velocity increases gradually from control volume of CV 1 to CV 2 . In CV 2 the strong detonation wave velocity varies between 1575 m/s and 2100 m/s and this control volume is defined as the detonation zone. In this present simulation, Shchelkin spiral is used only for the detonation wave initiation in the detonation tube and to identify the detonation control volume, which is defined as the control volume of CV 2 . The intensity of acceleration and recirculation of the detonation wave was found in the detonation tube near the boundary layer of Shchelkin spiral. As the flame velocity is weak in CV 1 and it is less than the C-J velocity, this control volume is defined as the control volume of deflagration combustion process. In CV 2 the flame velocity, which approximately reaches the C-J detonation velocity and the control volume, is identified as the detonation combustion control volume. The reaction of combustion wave depends on the fuel utilization in the PDE combustor.
Contour analysis of deflagration and detonation combustion wave properties
The exergy calculation is supported by the consideration of temperature level, which is based on the energy conversion from thermal to power. The exergy value is affected by the combustion temperature level.
The species concentration of reacting flows provides a very useful exergy analysis of the deflagration and detonation combustion process in two control volumes. Figure 4 shows the variation of combustion species temperature contour distributions in deflagration (CV 1 ) and detonation (CV 2 ) combustion process for 0.25, 0.35, and 0.55 hydrogen mass fractions in fuel utilization of the pulse detonation combustor. The contour plots analysis shows that the structure of detonation wave depends on the hydrogen concentration in combustion reaction. The temperature contour plots analysis shows the overall view of the flow field structure of combustion wave in reacting mixture and heat release from the two combustion processes. Swirl in the distribution was found to affect the temperature gradient at higher value of fuel jet velocity. The maximum combustion temperature sustain at 0.25 m to 0.55 m scale in the longitudinal distance from fuel injection point. Location wise in combustor, the strong exergy value was found at high temperature region. The detonation wave structure was affected by the fuel concentration in combustion process. It was shown that with higher fuel concentration, the merit factor continuously decreases The contour plot analysis of hydrogen mass fraction in deflagration and detonation control volume is shown in Figure 5 . The contour plots analysis gives the reaction properties about hydrogen mass fraction during the detonation combustion process for each of hydrogen concentration in combustor. The fuels are injected in to the combustion chamber at radial distances of 0.05 m, 0.14 m, and 0.24 m in the Y-axis. The contour plot analysis of species mole fraction of hydrogen has been shown in Figure 6 in deflagration and detonation combustion process. From the fluent post processing simulation, the fuel mole fractions of 0.5965, 0.397, and 0.593 are obtained in the deflagration combustion process and 0.0411, 0.0441, and 0.7805 Figure 7 shows the contour analysis of species mass fraction of oxygen in deflagration and detonation combustion process. The oxygen mass fraction acts as combustion reaction oxidizer. After reaction of fuel and oxidizer, the oxygen mass fractions of 0.1025, 0.0931, and 0.1017 are obtained in the deflagration combustion process and 0.137, 0.172, and 0.0102 are obtained in the detonation combustion process from initial fuel utilization of 0.25, 0.35, and 0.55 H 2 mass fractions in the combustion process.
The species mass fraction contour analysis of water vapor is shown in Figure 8 . The computational simulation gives the reacting mass fraction of water vapor in two modes of combustion processes with magnitudes of 0.086, 0.169, and 0.1483 in the deflagration combustion process and 0.0623, 0.0907, and 0.147 are obtained in the detonation combustion process from initial H 2 mass fractions of 0.25, 0.35, and 0.55 in the fuel utilization. It was found that water vapor mass fraction concentration in the detonation combustion process is less compared to the deflagration combustion process.
Exergetic efficiency analyses
The combustion temperature is the main parameter for the exergy calculation in the PDE combustor. Maximum available energy was obtained up to adiabatic flame temperature of reacting mixture. The magnitude of exergy is affected by the combustion temperature level. The exergy analysis at high temperature has a great evaluation compared to the low temperature zone. At high temperature (> adiabatic temperature) exergy was degradized, attributable to entropy generation.
The exergy and exergetic efficiency contents were calculated by mathematical modeling of thermal exergy, using reacting temperature, mass fraction and mole fraction of fuel utilization, reference environment temperature, and pressure of control volumes. The comprehensive values are listed in Table 5 . In order to compare the exergetic efficiency of deflagration and detonation combustion process, three hydrogen mass fractions of 0.25, 0.35, and 0.55 are used in the computational simulations. From these present simulations, the thermal exergy values are computed to be 28.774 kJ/g, 27.736 kJ/g, and 12.217 kJ/g in the deflagration combustion process and 35.225 kJ/g, 29.976 kJ/g, and 12.979 kJ/g in the detonation combustion process from initialization of 0.25, 0.35, and 0.55 hydrogen fuel mass fractions in simulation. The exergy losses including exergy destruction in the deflagration process are 23.399 kJ/ g, 24.408 kJ/g, and 39.328 kJ/g, due to heat transfer to the surrounding. The exergy losses in the detonation process are 16.918 kJ/g, 22.168 kJ/g, and 39.165 kJ/g due to the heat transfer in environment and exhaust combustion product. Table 6 shows the exergetic efficiencies of deflagration and detonation combustion process using initialization for the aforesaid fuel mass fraction values. The exergetic Figure 9 . The variations of exergetic efficiency of deflagration and detonation combustion process with different H 2 mass fractions. Figure 9 for two modes of combustion processes. It has been observed that exergetic efficiency is higher in the detonation combustion process for each fuel mass fraction. The quantity of thermal exergy values varies at different locations in the combustor as shown in Figure 10 . The maximum thermal exergy are calculated in locations between 0.22 m and 0.52 m longitudinal distance in the PDE combustor. It is clearly observed that more thermal exergy are obtained using 0.25 H 2 mass fractions within 0.115 m to 0.52 m distance, which is identified as the detonation combustion process.
Conclusions
The exergetic performance analysis of the pulse detonation combustor was analyzed with the variation of H 2 mass fraction in simulations. The thermal exergy analysis and exergetic efficiency analysis are the main objective for the performance evaluation of hydrogen-air detonation. The following major conclusions are drawn on the basis of results and discussion reported in this paper.
i. The exergetic performance in the detonation combustion process is higher compared to the deflagration combustion process for three fuel mass fraction values in the PDE combustor. The maximum exergetic efficiency of 67.55% was found in the detonation combustion process for minimum fuel mass fraction utilization.
ii. The exergetic performance was also compared for the 0.25, 0.35, and 0.55 hydrogen fuel mass fractions for both deflagration and detonation combustion processes. The higher exergy value was found in lesser of the fuel mass fraction quantity. Exergy losses from each combustion process increases with the higher value of fuel mass fraction and vice versa. iii. Contour plots analysis shows the location of maximum thermal exergy zone in the combustor. The high temperature gradient location gives the higher exergy value location for deflagration and detonation combustion process. iv. The detonation combustion process is better for fuel utilization than the deflagration mode of combustion process.
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